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Abstract. We describe the first satellite observation of in-
tercontinental transport of nitrogen oxides emitted by power
plants, verified by simulations with a particle tracer model.
The analysis of such episodes shows that anthropogenic NOx
plumes may influence the atmospheric chemistry thousands
of kilometers away from its origin, as well as the ocean they
traverse due to nitrogen fertilization. This kind of monitor-
ing became possible by applying an improved algorithm to
extract the tropospheric fraction of NO2 from the spectral
data coming from the GOME instrument.
As an example we show the observation of NO2 in the
time period 4–14 May, 1998, from the South African Plateau
to Australia which was possible due to favourable weather
conditions during that time period which availed the satellite
measurement. This episode was also simulated with the La-
grangian particle dispersion model FLEXPART which uses
NOx emissions taken from an inventory for industrial emis-
sions in South Africa and is driven with analyses from the
European Centre for Medium-Range Weather Forecasts. Ad-
ditionally lightning emissions were taken into account by uti-
lizing Lightning Imaging Sensor data. Lightning was found
to contribute probably not more than 25% of the resulting
concentrations. Both, the measured and simulated emission
plume show matching patterns while traversing the Indian
OceantoAustraliaandshowgreatresemblancetotheaerosol
and CO2 transport observed by Piketh et al. (2000).
1 Introduction
Due to anthropogenic activities, the atmospheric trace gas
composition has undergone significant changes during the
past 100 years. In particular the tropospheric concentration
of many trace species (e.g. of O3, CO, NO, NO2, CH4) has
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largely increased. Nitrogen oxides (NOx=NO+NO2) are key
species in atmospheric chemistry and are heavily influenced
by anthropogenic emissions. The availability of NOx limits
photochemical ozone formation in rural and remote regions
(Lin et al., 1988; Chameides et al., 1992) and particularly
in the upper troposphere (Levy et al., 1999), where the im-
pact of ozone on radiative forcing is strongest (Johnson et
al., 1992). NOx also contributes to acid deposition from the
atmosphere (Stoddard et al., 1999).
While the lifetime of NOx in the atmospheric boundary
layer (about 1 day) is too short to allow transport over long
distances, its lifetime in the upper troposphere is of the order
of 5–10 days (Jaegl´ e et al., 1998), which is sufficient even
for intercontinental transport (Stohl et al., 2002). However,
due to removal processes, transport of reactive nitrogen from
the surface, where the largest sources are located, to the up-
per troposphere is inefficient (Murphy et al., 1993). Thus,
weaker sources like lightning (Huntrieser et al., 1998; Brun-
ner et al., 1998), aircraft emissions (Ziereis et al., 2000), re-
cycling of NOx from other nitrogen compounds, e.g. PAN or
HNO3 (Wild, 1996), contribute to upper tropospheric NOx
in addition to transport from the surface.
Uncertainties in the upper tropospheric NOx budget are
substantial (Bradshaw et al., 2000). There have been only a
few reports on long-range NOx transport (Jeker et al., 2000).
Although large-scale NOx plumes were observed downwind
of thunderstorms or frontal systems (Brunner et al., 1998), it
was not possible to decide whether the NOx originated from
lightning or was lifted from the surface. Satellite measure-
ments show that tropospheric NO2 is concentrated over in-
dustrial areas (Leue et al., 2001; Richter and Burrows, 2002;
Velders et al., 2001). However, it is unclear what fraction
of this NOx reaches the free troposphere. Occasionally NOx
emissions from boreal forest fires can be transported several
thousands of kilometres (Spichtinger et al., 2001), due to in-
jection of the fire plume directly into the free troposphere.
In this paper, we present an episode of NOx transport from
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Fig. 1. Average annual tropospheric NO2 distribution (see Appendix A). For this image GOME data from 1996 to 2000 was used. Industrial
areas in North America, Western Europe, North East China and South Africa are clearly visible, also Biomass burning in Africa and South
America.
the South African (SA) Plateau (the Highveld area, 1400–
1700m asl) to Australia during May 1998. According to
the Global Emissions Inventory Activity (GEIA) (Benkovitz
et al., 1996) SA’s NOx emissions amount to approximately
370 kt N/y, which constitutes 1.8% of the worldwide anthro-
pogenic emissions, in agreement with a regional inventory
for the year 1993 (Wells et al., 1996).
2 Industrial emissions over South Africa
The highly industrialised Highveld region 1400–1700 m
above sea level in the Mpumalanga Province accounts for
91% of SA’s NOx emissions (Wells et al., 1996; Held and
Mphepya, 2000). Emission densities are among the high-
est in the world, with the second-highest emission grid cell
in the GEIA inventory. More than 60% of the NOx emis-
sions in the Highveld region occur from stacks taller than
200m, and, in fact, most of these emissions originate from
8 large coal fired power plants and a synthetic fuel (from
coal) processing complex, which are located in an area of
roughly 200×150km2 in the Mpumalanga Province (Held et
al., 1999).
The highest annual average tropospheric NO2 columns de-
rived from GOME satellite data (Leue et al., 2001; Wenig,
2001) are found over industrial regions in the USA, Europe
and East Asia. Other maxima exist over biomass burning
regions. A distinct ‘hot spot’, with a magnitude compara-
ble to NO2 columns at the North American east coast is also
seen over the Highveld (Figs.1 and 2), confirming the high
NOx emissions in this region. Normally this NO2 maximum
is limited to the Highveld region, but in the GOME data
we occasionally see export of NO2 over the Indian Ocean.
A spectacular episode occurred in May 1998, when GOME
data showed an NO2 plume travelling all the way from the
Highveld region to Australia (Fig.3). This was a very rare
observation and could be measured with this explicitness for
the first time since the launch of GOME in 1995. Biomass
burning can be ruled out as a source of this plume because it
normally does not occur during this season (Fishman et al.,
1991) and no large fires were reported in May 1998.
3 Intercontinental transport
Until 6 May, the meteorological situation over SA was dom-
inated by a subtropical high. This, associated with weak
pressure gradients, is typical for SA and leads to an accu-
mulation and re-circulation of pollutants (Held et al., 1994;
Garstang et al., 1996), as well as to the formation of several
inversion layers that limit the vertical dilution of air pollution
(Zunckel et al., 2000). Starting on 6 May, a low-pressure sys-
tem moved in from the west, yielding strong pressure gradi-
ents between this low and a subtropical high over the central
Indian Ocean. This lead to fast export of air from SA towards
the southeast between 7 and 9 May. This pathway dominates
especially during the southern hemispheric winter (Sturman
et al., 1997). For the May 1998 episode it was important that
before the onset of strong westerly winds, air pollution could
accumulate in the subtropical high and was lifted to the upper
troposphere ahead of the cold front pulling in from the west.
Fast winds at higher altitudes then carried this air towards
Australia.
We simulated the evolution of the NOx plume with the
particle dispersion model FLEXPART (see Appendix B) in
order to validate that the NO2 plume seen in the GOME data
indeed originated from the Highveld industrial sources. Both
the GOME data and the FLEXPART results show a plume
that travels from SA (4 May) southeastward over the Indian
Ocean, passes south of Madagascar (8 May) and then floats
zonally towards Australia (10–14 May). The evolution of the
plume over several days is similar in both, the GOME data
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Fig.2. Seasonal tropospheric NO2 distribution of SA for 1998
and the model simulation, except that clouds partly mask the
plume from satellite detection. The clouds form because of
the strong uplifting of air ahead of the cold front associated
with the low pressure system. With this ascending airstream
(the so-called warm conveyor belt) NOx tracer reaches alti-
tudes above 10 km (Fig.3, right column). This upward trans-
port, apart from cloud formation, fully exposes the plume to
GOME, as the sensitivity of this instrument increases with
altitude. In contrast, close to the source the NOx plume is at
low altitudes, where haze may reduce the fraction of the NO2
column seen by the instrument. This leads to a low NO2 sen-
sitivity of GOME. In Fig.3, left column, the development of
the NO2 plume measured by GOME is shown, where areas
with high cloud cover are marked by hashed areas. Clouds
can have different influence of the measurement, they can in-
crease the signal for NO2 lying above the cloud, e.g. coming
from lightning events, and they can shield parts of the NO2
lying beneath the cloud. Considering this, the GOME NO2
fit very well to the modeled results. The FLEXPART simula-
tions were performed using different NO2 life times in order
to use the results with the closest match to GOME, leading to
an NO2 life time of 4 days. The FLEXPART simulations in-
clude only the constant source over the Highveld area as well
as various lightning sources, marked by circles in Fig.3, but
no sources over Australia, which explains higher NO2 moni-
tored by GOME in Fig.3h and i.
Inspection of the GOME data set reveals that similar
plume transports are rarely found in other parts of the world,
including the high-emission regions at the North American
and Asian East coasts. Several factors favoured the forma-
tion and also the clear detection of the discussed plume:
First, NOx emission densities in the Highveld are among
the highest in the world. Second, with an altitude of 1400
to 1700m above sea level the Highveld is one of the most
elevated industrial regions worldwide. In addition, buoy-
ant emissions from tall stacks are usually lifted above the
ground-based, nocturnal inversions (Held et al., 1996). This
reduces chemical losses and dry deposition of NOx. Third,
during anticyclonic conditions, such as those prevailing dur-
ing May 1998, several inversion layers are created, pollutants
get trapped between them (Tyson et al., 1997) and the pol-
lutant’s entrainment within the boundary layer is prevented.
Pollution export occurs effectively only when a low-pressure
system sweeps over SA – this happened in our case on 6–
7 May – and leads to transport towards the Indian Ocean
and Australia (Piketh et al., 1999; Tyson and D’Abreton,
1998). If transported off-shore, polluted airmasses from the
Highveld travel above the marine boundary layer (Tyson and
D’Abreton, 1998). Figure3, right column, indicates that the
major part of the NOx plume was decoupled from the sur-
face.
Another aspect of the low-pressure system are thunder-
storms which formed due to the strong frontal ascent. There-
fore, lightning is expected to have contributed to the NOx
plume travelling to Australia. In Fig.3, left column, the po-
sitions of lightning flashes observed by the Lightning Imag-
ing Sensor (LIS) are marked by circles. The power plant
plume started already west of the flash locations. The latter
were due to thunderstorms developing in the weak low pres-
sure zone stretching from Gough Island (40◦210 S, 09◦530 W)
along the South African coast to Maputo (25◦580 S, 32◦350 E)
on 6 May, subsequently moving eastward over the Indian
Ocean. On the basis of the LIS data set we additionally sim-
ulated lightning NOx with FLEXPART (see Appendix B).
Most of the lightning is observed over open ocean which is
known to produce substantially more cloud to cloud flashes
(Pickering et al., 1998) than over land, with correspondingly
less NOx produced. Rutledge et al. (1992) showed evidence
that a high flash rate correlates to a higher IC/CG ratio.
Therefore the contribution of lightning NOx to the traveling
plume is very likely not the dominant fraction, even with this
high number of flashes observed by LIS. This can be verified
by comparing areas of high NO2 concentration not coincid-
ing with high cloud cover. Nevertheless the estimation of
lightning NOx is very uncertain. The storm observed by LIS
on 11 May over Australia is omitted in the simulation in or-
der to focus on the transported NO2. The column density of
the resulting lightning NOx is around 25% of the portion due
to power plant.
Quantitativecomparisonsbetweensatelliteandmodeldata
are difficult because of the varying sensitivity of GOME to
tropospheric NO2. Furthermore, FLEXPART does not sepa-
rate NOx into NO and NO2 and does not account for chemi-
cal transformations.
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Fig.3. Sequence of distributions of tropospheric NO2 columns from the GOME instrument east of SA in May 1998 (left column). For the
extraction of the tropospheric fraction of NO2 the stratosphere/troposphere separation algorithm (Wenig, 2001) was used. Areas with high
cloud cover (>50%) are marked by hashed areas and high lightning activity (> 50 flashes per grid cell) are marked by circles. Corresponding
NOx tracer column densities including emissions from lightning (centre column) and vertical sections of the NOx tracer concentrations only
for industrial emissions, averaged between 20 and 45 degrees southern latitude (right column), obtained with FLEXPART (see Appendix B).
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4 Conclusions
Our investigation indicates that the NO2 plume detected by
the GOME instrument, is coming from power plant emis-
sions and is mixed with lightning induced NO2 over the In-
dian Ocean near South Africa. Due to the special meteo-
rological situation, the industrial emissions could leave the
South African continent and travel towards Australia, decou-
pled from the marine boundary layer. Ozone formation in
power plant plumes, which are deficient in hydrocarbons,
depends strongly on the entrainment of ambient air into the
plume (Ryerson and et al., 2001). With a NOx residence time
equal to four days we observed in this case, the plume will be
strongly mixed with ambient air, enhancing the ozone form-
ing capacity of the power plant NOx. Intercontinental trans-
port of NOx from SA industrial sources in combination with
lightning NOxproduced over the Indian Ocean can thus have
implications for Australia’s ozone budget and possibly other
parts of the Southern Hemisphere.
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Appendix A: The Global Ozone Monitoring Experiment
In April 1995 the ERS-2 satellite was launched by the Eu-
ropean Space Agency (ESA). The satellite carries, in ad-
dition to other instruments, the Global Ozone Monitoring
Experiment (GOME) (see Burrows et al., 1999), an instru-
ment designed to measure trace gas abundances in the at-
mosphere using the technique of Differential Optical Ab-
sorption Spectroscopy (DOAS) (see e.g. Platt, 1994). In or-
der to analyze the transport of anthropogenic NO2 a strato-
sphere/troposphereseparationalgorithmbasedonimagepro-
cessing techniques was used as we are interested in tropo-
spheric NO2 (see also Leue et al., 2001; Wenig, 2001). The
data can be found at http://satellite.iup.uni-heidelberg.de.
Appendix B: FLEXPART
FLEXPART is a Lagrangian particle tracer model with a
highly accurate transport scheme (Stohl et al., 1998) that is
driven with analyses from the European Centre for Medium-
Range Weather Forecasts. Transport of a NOx tracer was
simulated, for which 1 million tracer particles were released
according to the NOx emissions taken from an inventory
for industrial emissions in SA (Wells et al., 1996; Held and
Mphepya, 2000). Additionally, to determine lightning pro-
duced NOx, we used Lightning Imaging Sensor (LIS) data to
get the number and locations of flashes. We assumed 6.7 ×
1025 molecules NO/flash for IC flashes, 6.7×1026 molecules
NO/flash for CG flashes (Jourdain and Hauglustaine, 2001;
Beirle et al., 2002) and the fraction of CG flashes to be 5%.
The resulting numbers of molecules were scaled by a factor
of 500, corresponding to 2 LIS overpasses per day with 90
seconds viewing time respectively, apportioned to 1 million
lightning NOx tracer particles and released between 5 and
10 km height. Other NOx sources in SA are much smaller
(Wells et al., 1996) and were neglected. Chemical transfor-
mationswerenotaccountedfor, butatracerlifetimeof4days
was applied. More information on FLEXPART is available
from http://www.fw.tum.de/EXT/LST/METEO/stohl/
Appendix C: The Lightning Imaging Sensor
The Lightning Imaging Sensor (LIS), is a space based in-
strument used to detect the distribution and variability of to-
tal lightning that occurs in the tropical regions of the globe.
http://thunder.nsstc.nasa.gov/data/
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